We compare the use of free-space electro-optic sampling ͑FSEOS͒ with photoconducting antennas to detect terahertz ͑THz͒ radiation in the range of 0.1-3 THz. For the same average THz power and low-frequency modulation, signal-to-noise ratio and sensitivity are better with antenna detection at frequencies smaller than 3 THz. When the modulation frequency is increased to more than 1 MHz in FSEOS, both detection schemes have comparable performance. Using a singular-electric-field THz emitter, we demonstrate the feasibility of a THz imaging system using real-time delay scanning in FSEOS and only 20 mW of laser power. ͓S0003-6951͑98͒03930-8͔
Traditional coherent terahertz ͑THz͒ radiation detection schemes involve the use of gated photoconducting antennas as detectors for freely propagating THz electromagnetic waves. This is true both for THz spectroscopy [1] [2] [3] [4] [5] and for THz imaging systems. 6 Recently, some groups have used free-space electro-optic sampling ͑FSEOS͒ as an alternate detection scheme. [7] [8] [9] [10] [11] [12] [13] The advantage of the latter is the higher detection bandwidth that can be as high as 37 THz. 12 Although previous reports of FSEOS measurements showed reasonable signal-to-noise ratios ͑SNR͒, a detailed comparison between both techniques for the same laser power is still missing. It is the purpose of this letter to present such a comparison, especially in the limit of low laser power and to show the feasibility of a fast delay scan, single-pixel imaging system based on FSEOS.
In order to carry out this comparison, we use a compact THz system with a common generator and dual detection capability as shown in Fig. 1 . Both pump and probe beams are derived from a mode-locked Ti:sapphire laser ͑100 fs, 800 nm͒. The emission of freely propagating THz waves is achieved by exciting a singular-electric-field photoconductive antenna 2, 3 with pulses from this laser. These emitters were fabricated on low-temperature GaAs ͑LTG͒ with dipole lengths of 45 and 60 m and a 5 m gap biased at ϳ40 V. The excitation power is kept fixed at ϳ20 mW. The detection side consists of a dual setup. Figure 1͑a͒ shows the FSEOS setup where the detector is a 2.2 mm thick ZnTe crystal. A pair of balanced silicon photodiodes ͑OSD 5-5TR with TMO-16-1 transformer for impedance matching͒ is used to analyze the polarization rotation that the THz field induces on the visible probe beam. Figure 1͑b͒ shows the antenna ͑75 m LTG dipole with a 5 m gap͒ detection scheme. The probe power used in the FSEOS detection is 1.8 mW ͑0.9 mW on each photodiode͒. In order to maximize the SNR, the photocurrent in each photodiode has to be maximized but be kept below saturation. In the antenna detection scheme, we use a ϳ20 mW laser beam to gate the antenna.
Both detection schemes rely on lock-in detection, chopping the laser beam that generates the THz radiation. When the chopping frequency is kept at a few kilohertz, the antenna detection scheme always has a better SNR ͑by almost two orders of magnitude in our system͒. The electro-optic sampling technique is very sensitive to laser noise ͑which can be quite substantial in an Ar-pumped Ti-sapphire laser at low frequencies͒ and to low-frequency mechanical and acoustical disturbances. This is because one has to detect very small changes in polarization ͑typically, ϳ10
Ϫ4 -10 Ϫ5 ) in the probe beam. On the other hand, photoconducting antennas directly detect a photocurrent induced by the incident THz field. The laser noise influence can be overcome by modulating the visible pump beam at high frequencies ͑Ͼ1 MHz͒; This typically lowers the laser noise by ϳ30 dB. . This higher amplifier noise combined with the noise in the rf mixers makes this chopping scheme unattractive for the antenna detection case.
After the chopping frequency is optimized ͑ϳ1 MHz͒ in the electro-optic sampling setup, the measured THz signal has a SNRϾ10 4 when acquired with a 100 ms time constant. This becomes comparable to the performance of the antenna detection. Even with a short 1 ms time constant, the SNR is still ϳ2ϫ10
3 . This makes THz imaging using real-time delay scanning feasible with FSEOS, just like with antennas. In the electro-optic sampling case, as shown later in this letter, the balanced photodiode pair already works close to the shotnoise limit. Therefore, the improved SNR is the contribution from more THz power generated by our optimized singularelectric-field ͑SEF͒ photoconductive emitters. 2, 3 Even when the THz generation is carried out in photoconductive switches that inherently have a low-frequency response ͑Ͻ4 THz͒, the higher bandwidth of the electro-optic detection is evident. This is shown in Figs. 2 and 3 where we compare the performance of both systems using two different ͑SEF͒ emitters: a 60 m dipole with a 5 m gap ͑Fig. 2͒ and a shorter 45 m dipole with a 5 m gap ͑Fig. 3͒. The roll-off beyond 0.5 THz is due to the low-frequency response of the emitter. The FSEOS results indicate that the real response of these emitters has a much slower roll-off that extends beyond 3-4 THz, while the antenna detection cuts off at 2 THz. Previous reports of THz detection by FSEOS with high SNR (ϳ10 4 , 11 comparable to our results with 1 MHz chopping͒ or wider bandwidth ͑ϳ7 THz͒, 10 required much more laser power ͑i.e., ϳ1.5 W 10 ͒ pumping a nonresonant unbiased THz source. Further increase of bandwidth ͑up to 37 THz͒ 12 can be achieved with thinner electro-optic crystals but at the expense of lowering the SNR.
In electro-optic detection there is a clear trade-off between the sensitivity and frequency response that is determined by the choice of crystal and its thickness. A thicker crystal produces a longer interaction length, but on the other hand, it reduces the frequency response due to groupvelocity mismatch. Due to the dispersion in ZnTe, where n(800 nm)ϭ2.853 and n(300 m)ϭ3.178, the groupvelocity mismatch is around 1 ps/mm between the optical probe and THz radiation. 7 Our electro-optic crystal is quite thick ͑2.2 mm͒, but due to the paraboloid reflectors used to focus the THz radiation in the crystal, the effective interaction length is determined by the corresponding depth of focus of the THz beam. 13 Assuming the THz beam is focused onto the sensor crystal with diffraction-limited spot size, the effective thickness of the crystal is comparable to the average far-infrared wavelength ͑ϳ500 m͒. The product of this effective crystal thickness and group-velocity mismatch should be less than the pulse duration to obtain the actual THz wave form. In the case of antenna detection, two factors determine the bandwidth of the system: the photocurrent response ͑i.e., carrier lifetime͒ and the frequency dependence of the antenna structure. In general, the low-frequency cutoff of the detectors results from the collection efficiency of the dipole, while the upper-frequency limit is determined by the photocarrier response. The photocurrent response is the convolution of the transient photoconductivity and the THz electric field across the semiconductor.
One important point of comparison is the performance of both techniques in a terahertz imaging setup using rapid delay scanning and measuring the time dependence of the THz wave forms in real time. 6 This operation mode is easily achieved with the antenna detection but is not obvious in FSEOS. We show that rapid delay scanning can be used in FSEOS detection provided that the appropriate chopping technique is used. The experimental setup is shown in Fig. 4 : a frequency synthesizer generates two synchronized frequencies at 0.9 and 0.9007 MHz. An acousto-optic modulator ͑AOM͒ modulates the pump beam at 0.9 MHz. The lock-in amplifier is referenced at the difference of the two frequencies through rf mixing, and operates at a low time constant р1 ms. A rapid delay line scans the delay at a rate of ϳ50 Hz. The THz wave form is measured at the analog output of the lock-in amplifier and captured on an oscilloscope.
With a typical photocurrent of 1 mA on the photodiode, the shot-noise-limited relative noise floor is 20 pA/Hz 1/2 . After increasing the chopping frequency to 0.9 MHz, we found that the noise floor in the measured signal is around 110 pA/Hz 1/2 , only five times the shot noise. This makes the FSEOS technique reach a comparable SNR in terahertz imaging using real-time delay scanning, but with a much higher detection bandwidth. More supporting equipment is required in the FSEOS setup, but all the electronics could be conceivably integrated into one unit.
Finally, the use of FSEOS detection allows us to calibrate the THz electric field and power emitted from singularelectric-field emitters. The THz beam is focused on the crystal with a spot size of ϳ0.5 mm in diameter. The corresponding depth of focus determines the maximum effective thickness of the crystal. The calculated half-wave field E is 91 kV/cm, where the Fresnel loss is considered. Assuming perfect velocity matching in the ZnTe crystal and using the experimental value of ⌬I/Iϭ0.7ϫ10
Ϫ3 for the change in photocurrent resulting from the polarization rotation induced by the THz transient field, we obtain an electric field of 57 V/cm for the THz field. This corresponds to a THz power density of 13.7 W/cm 2 . For a THz spot size of 0.5 mm and a pulse duty cycle of 10 Ϫ4 , the average THz power detected is 2.7 W. To the best of our knowledge, this is the most efficient emitter reported up to date under low optical power excitation. Previous reported THz radiation power values from photoconducting antennas are 38 nW 4 and 10 nW, 5 under 5-10 mW of optical excitation. Using optical rectification from unbiased GaAs, a typical average power of 0.3 W under 1.5 W excitation has also been reported. 10 We also calibrated the true frequency response of such emitters with FSEOS. The near 4 THz usable bandwidth is primarily limited by the lifetime of the photogenerated carriers. This is consistent with the lifetime ͑ϳ250 fs͒ of our LTG measured using pump and probe time-resolved reflectivity.
In conclusion, we present in Table I a comparison between the two coherent THz detection techniques ͑FSEOS and antenna detection͒, with an emphasis on single-pixel, rapid delay scanning terahertz imaging. We show that the FSEOS system can be used in real-time single-pixel THz imaging with comparable SNR and a larger bandwidth, when fast lock-in detection is used. Using the FSEOS setup, we also calibrated the THz power and bandwidth radiated from singular-electric-field emitters. These emitters produce farinfrared radiation with an average power of ϳ3 W under 20 mW of visible pumping. FIG. 4 . Experimental setup for rapid delay scanning in FSEOS: a frequency synthesizer generates two synchronized frequencies at 0.9 and 0.9007 MHz. An acousto-optic modulator modulates the pump beam at 0.9 MHz. The lock-in amplifier is referenced at the difference of the two frequencies through rf mixing, and operates at a low time constant р1 ms. A rapid delay line scans the delay at ϳ20 Hz. The THz wave form is captured on an oscilloscope. This radio-frequency narrow-band detection method can eliminate the low-frequency noise and achieve almost shot-noise-limited detection. 
